[1] We present a 2-D tomographic seismic velocity image in eastern Marmara region along a N-S trending 120-km long seismic refraction profile, which traverses the northern branches of North Anatolian Fault (NAF) and tectonically active Ç narck Basin, in the Sea of Marmara. The 2-D velocity model, which is constrained down to upper crustal depth of 7 km, shows significant heterogeneities in the upper crust displayed by well-constrained velocity anomalies. The seismicity observed following the 17 August, 1999 I : zmit earthquake concentrates in three distinct zones and takes place near the inferred low velocity zones and below high velocity anomalies obtained from tomographic inversion. This correlation is interpreted as a result of intensely sheared zones of deformation imposed by strike-slip motion of the northern branches of the North Anatolian Fault.
Introduction
[2] The North Anatolian Fault (NAF), which displays a simple character along most of its 1500 km-long course, splits into several strands in the Marmara Sea Region (MSR) of western Turkey. The region is a transition zone between the strike-slip regime of the NAF and the extension regime of the Aegean Sea area. The area has witnessed several major historical earthquakes [Ambrasseys and Jackson, 2000] . The most recent one, 17 August, 1999 I : zmit earthquake (Mw = 7.4), caused extensive damage and high loss of human life. Following this disastrous event a major scientific effort has been undertaken in order to obtain a better estimation of the seismic potential of active faulting within the MSR [Le Pichon et al., 2001; Hirn et al., 2002] .
[3] During the summer of 2001, within the framework of SEISMARMARA project [see Hirn et al., 2002 for a detailed description], seismic refraction data were collected along a 120 km long north-south profile crossing the I : stanbul zone, Ç narck Basin (Ç B) and Armutlu Peninsula (AP) of the MSR (Figure 1 ). The shots were fired in the sea and recorded on the land. The seismic profile cuts across three branches of the NAF. Intense seismic activity was observed on the northern branches of the NAF following the August 17,1999 I : zmit earthquake (Mw = 7.4) Ö zalaybey et al., 2002] . The diffuse seismic activity observed west of I : znik Lake is related to the southern branch of the NAF. A tomographic image derived from microearthquakes after the I : zmit earthquake in the east of the survey area is presented by Nakamura et al.
[2002] but it does not intersect our seismic profile. In this study, we use active shots to invert for the crustal velocity across the Marmara Sea. Next, we present a combined tectonic interpretation for the eastern MSR based on the knowledge of the inferred velocity structure, surface geology, and seismicity of the MSR.
Geology and Tectonic Setting
[4] The MSR covers two different tectonic zones, the I : stanbul-Zonguldak zone and Sakarya continent. The I : stanbul-Zonguldak zone is characterized by a thick Ordovician to Carboniferous, sedimentary sequence, which rests unconformably on a Precambrian metamorphic basement. It GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 24, 2277 , doi:10.1029 /2003GL018074, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2003GL018074$05.00 is separated in the south along the Intra-Pontide suture from the Sakarya continent. The AP is a composite entity made up of sections of the Sakarya continent, Rodope-Pontide fragment and ophiolitic units [Ylmaz et al., 1997] . They were assembled following a continental collision between Gondwanaland and Laurasia during the Late Cretaceous. The Rodope-Pontide zone and the Sakarya continent are separated by the North Anatolian Fault Zone (NAFZ). Although the geometry and the distribution of active faults of the NAFZ in the MSR is complicated and remains controversial in the literature, it is proposed that the NAF began forming in the late Miocene but a major thoroughgoing principal strike-slip displacement zone was established in the Pliocene [Le Pichon et al., 2001] . The principal displacement zone of the NAF enters the Marmara Sea as a single main dextral fault strand [Le Pichon et al., 2001 ] but splays into two branches, one following northern escarpment of the Ç B and the other along the southern margin of the Ç B.
Seismic Data Acquisition and Preprocesing
[5] A total of 82 Reftek-125 recorders equipped with 4.5 Hz vertical component geophones were installed on land with 0.5 to 2 km spacing, to record marine seismic shots in the Ç B and Gemlik Bay (Figure 1 ). The seismic source was a tuned array of 8 airguns providing a total volume of 8000 in 3 . The shot interval was 60 s, resulting in an average shot spacing of 120 m with more than 180 shots. One quary shot near Ş ile was also used. The data were continuously recorded with a sampling rate of 100 Hz and played back and stored as shot gathers and receiver gathers in SEG-Y format.
[6] Figure 2 shows two examples of shot gathers. The first arrivals were picked manually from selected shot and receiver gathers. The receiver gathers were used since signal noise ratio was high on some of receiver gathers providing consistent picks. The traveltime uncertainities of the picked arrivals vary between 20 and 50 ms. However, these uncertainities can reach values of 100 ms at large distances. The criterion of assigning uncertainities to the picks was subjective and based on the signal-to-noise ratio (SNR).
[7] More than 3800 picks from 44 shot gathers and 18 receiver gathers are used in the analysis. Significant variations on both topography and bathymetry exist along the profile. The traveltimes were corrected for the topography along the profile using a constant velocity of 4.0 km/s and vertical travel path under the receiver. No corrections were applied for the crooked line geometry of the sources and receivers and bathymetry.
Method
[8] We applied a tomographic inversion method to the first-arrival travel-times which relies on travel-time computation using a finite difference algorithms developed by Vidale [1988] and modified by Hole and Zelt [1995] . The inversion is based on minimization of data misfit and model roughness to provide the smoothest model appropriate for the data error (see Zelt and Barton [1998] for details of the method). To assess quality of the inversion, traveltime RMS residuals and c 2 parameters are used. Optimum values of the free parameters in the inversion, which controls vertical versus horizontal smoothness and model roughness, were obtained from a number of runs.
[9] Since tomographic inversions can reliably determine small perturbations in the velocity field from an initial model, which represents gross features of the structure, a 1-D starting velocity model was constructed with a subset of shots (Figure 2 ). The velocity of water in the Ç B and Gemlik Bay were fixed to 1.53 km/s during the inversion. The model was defined on a uniform 0.4 km grid extending from 0 to 120 km in the x-direction and 0 to 10 km in the z-direction for all forward calculations. A 1.0 km lateral and 0.5 km vertical cell size was used in the inverse step, resulting in 2400 independent model parameters. The RMS residuals for the starting and the final models were 0.150 and 0.022 s respectively, and c 2 was 1.9. Since the data density is quite uniform along the profile and there is no major geometric distortion therefore, a uniform resolution would be expected.
Results
[10] Figure 3 displays the results of the tomographic inversion and ray coverage for the final P-wave velocity model. The velocities at shallow depths (<1 km) are not well constrained due to a lack of near offset data, as a result these velocities are sensitive to the initial model. The ray coverage indicates that the final velocity model is well constrained between 1 and 6 km depth range. Similar results were obtained from alternate initial models and different inversion parameters except at shallow depths.
[11] Relatively high velocities (5.8 -6.1 km/s) are located underneath the AP (Figure 3) . The peninsula is dominated by metamorphic assemblages and an overlying late Mesozoic to late Tertiary succession [Ylmaz et al., 1997] . Granitic intrusions of Middle Eocene age crop out at western part of the peninsula. The resulting velocities could be consistent with both geological units. However, it is more likely that a localized body of high velocity observed in this region is related to the granitic intrusions within the metamorphic body. At the southern end of the profile, in the Gemlik Bay, velocities vary from 3.1-4.5 km/s down to 4 km depth.
[12] The velocities in the Ç B increase from 2.5 km/s below the water to 4.5 km/s at approximately 4 km depth. The high velocities (>6.0 km/s) are observed below the Ç B in a localized zone, at a depth of approximately 5 km. This zone is in the vicinity of the ruptured segment of the NAF during the Izmit earthquake (Figure 3 ). This zone is delimited by two lower velocity regions located between the northern strands of the NAF.
[13] The high velocities (5.7 -6.0 km/s) north of the Ç B, over the Kocaeli Peninsula, take place below the Paleozoic of I : stanbul, which consist of a sedimentary sequence of Ordovician to Carboniferous age. The velocities of this sedimentary sequence vary between 4.0-5.0 km/s.
Discussion and Conclusions
[14] The tomographic velocity model clearly reflects geological complexities in the eastern MSR. The average upper crustal velocity is around 5.7-5.9 km/s but laterally varying in a consistent way with the known surface geology. Both the Gemlik Bay and Ç B are characterized by a velocity gradient down to a depth of 4 km and present a sharp velocity contrast within the surrounding units. There is an apparent correlation between the seismicity and the velocity distribution in the Ç B. Figure 3 displays a cross section showing the distribution of seismicity within 10 km along the profile following the 17 August 1999 I : zmit earthquake with the inferred P-wave velocity structure resulting from the tomographic inversion. The aftershocks were located using a 1-D earth model . The seismicity is concentrated within three distinct zones, each representing significantly different character of the tectonic regime of the region.
[15] The majority of the seismicity in the AP starts at a depth of 3 km, below the inferred high velocity zone interpreted as granitic intrusions. The focal mechanisms of the microearthquakes show normal-fault solutions with mainly E-W strikes . The region is well known for its numerous hot spring sources. It is likely that the extensional movement tears up the older, deepreaching strike slip faults, which creates vertical zones of high permability [Eisenlohr, 1997] . Therefore, the seismic activity detected in this region, following the Izmit main shock, may be a result of an increasing pore pressure.
[16] The seismicity in the Ç B occurs below the imaged high velocity body, in the vicinity of the ruptured segment Figure 3 . Upper: Initial P-wave velocity model; Middle: P-wave velocity model obtained from tomographic inversion and the seismicity within 10 km zone along the profile; Lower: ray cell hitcount which is an indication for the ray coverage and therefore for the velocity uncertainty. of the I : zmit earthquake, dominated by strike-slip mechanisms [Ö zalaybey et al., 2002] . Though we cannot accurately determine the vertical extent of the retrieved anomaly, our images show that it is located near the branching of the rupture. We suggest that it could be related to the IntraPontide suture, consisting of fragments of basaltic rocks.
[17] The seismicity observed along the northern segment of the NAF occurs below a depth of 5 km. The focal mechanisms in this region show normal faulting with NE-SW strike direction between 4 and 7 km depth range in the triggered Tuzla cluster. This zone coincides with the northern escarpment of Ç B, below a landslide observed on a high-resolution bathymetry map that has been obtained recently by Le Pichon et al. [2001] . The deeper parts of the seismicity are dominated by pure strike slip motion [Ö zalaybey et al., 2002] . The two low velocity regions imaged around the high velocity body are correlated with strike slip focal mechanisms located between the northern strands of the NAF (Figure 3 ). Although these two low velocity anomalies lie in a poorly constrained regions, we interpreted this correlation as the result of intensely sheared zones of deformation imposed by strike-slip motion of the northern branch of the NAF.
[18] Future studies involve including OBS data collected during the experiment (they were not available during this study) and local earthquake tomography to image deeper part of the structure.
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